Hyper-Kamiokande (HK), a proposed one-megaton water Cherenkov detector to be built in Japan, is the logical continuation of the highly successful program of neutrino (astro)physics and proton decay using the water Cherenkov technique. HK will search for CP violation in neutrino oscillations associated with the irreducible phase δ in the lepton mixing matrix using the neutrino beam produced at J-PARC. With an exposure of 7.5 MW × 10 7 sec, δ can be measured to better than 19 degrees at all values, and CP violation can be detected with more than 3 σ significance for 76% of values of delta. In addition to the search for neutrino CP violation, HK will offer a broad program of neutrino astrophysics, including continued studies of atmospheric neutrinos and the detection of neutrinos produced in supernovae as far as the Andromeda Galaxy. It will also extend the sensitivity to proton decay, an incontrovertible sign of new physics and grand unification, by an order of magnitude.
Introduction
Water Cherenkov (WC) detectors have played an essential role in neutrino physics over past few decades with the observation of neutrinos from Supernova 1987a [1, 2] , the resolution of the solar neutrino problem [3, 4, 5] , and the discovery of neutrino oscillations in atmospheric neutrinos [6] . Using accelerator-based longbaseline neutrino beams directed at Super-Kamiokande, the deficit of muon neutrinos from neutrino oscillations was confirmed [7] , leading to precision measurements of the parameters θ 23 and ∆m 2 32 [8] , and the observation of ten optically segmented volumes in two caverns, instrumented by a total of 99,000 20" photomultipliers (PMTs) in the inner volumes for 20% photocathode coverage, and 25,800 8" PMTs in the outer veto regions as shown in Figure 1 . This baseline design is expected to match the performance of SK with 25 times larger fiducial volume, with the exception of low-energy MeV physics topics that benefit from larger photocathode coverage. The proposed detector site is the Tochibora mine near the current site of SK, which will place it at the same off-axis angle and baseline in the T2K neutrino beam as for SK [16] . Thus, HK will see the same off-axis neutrino flux peaked at 600 MeV and oscillation probabilities as SK in the T2K beam. As with T2K, by switching the polarity of the focussing horns in the beam line, positive or negative pions can be focussed into the decay volume, resulting in a predominantly ν µ orν µ beam. HK will have a significantly improved capability to precisely study neutrino oscillation parameters critical to unfolding the structure of lepton mixing and to search for CP violation [18] . For more on the T2K experiment, please see Reference [17] as well as [19, 20, 21] in these proceedings.
The Long baseline Neutrino Program at HK
HK will have a rich and broad program of neutrino astrophysics (solar, atmospheric, supernova burst, etc.), proton decay, and other physics topics. Here, we focus on the physics associated with the long-baseline T2K neutrino beam and the capabilities of HK to perform precision measurements of the neutrino oscillation parameters θ 23 and ∆m 2 32 , and to detect CP violation in neutrino oscillations through asymmetries and distortions in the ν µ → ν e oscillation probability relative to its CP conjugate process (ν µ →ν e oscillations) [22] . The studies assume a 7.5 × 10 7 MW · sec exposure, corresponding to 10 "Snowmass Years" (10 7 sec) of operation at 750 kW beam power with a 1:3 proportion of neutrino-to antineutrino-mode operation, which gives roughly the same yield of events in each mode. The expected performance of the baseline HK configuration is estimated through a detailed Monte Carlo simulation with full reconstruction algorithms and systematic uncertainties informed by nearly two decades of operation and analysis at SK and the recent experience from the T2K experiment.
Event Selection
The selection of ν e /ν e candidates follows the prescription developed at SK and T2K aimed at identifying ν e /ν e interactions through the charged current quasielastic (CCQE) scattering process (ν e + n → e − + p,ν e + p → e + + n), where the expected signature is a single Cherenkov ring. The event selection starts by requiring the event to be fully contained within the inner volume and have a vertex reconstructed in the fiducial volume (defined as least 2 meters from the inner detector wall). A topological analysis counts the number of identified Cherenkov rings and classifies them as electron or muon-like, where the latter capability is based on the differing ring pattern arising from minimumionizing (µ-like) and showering (e-like) particles. The identification of low energy electrons following the primary neutrino interaction arising from the decay chain (π →)µ → e provide an independent handle on the possible presence of muons and charged pions in the event. Events are required to have a single, e-like ring with no decay electrons, as expected for a ν e CCQE interaction. A dedicated algorithm searches for an additional e-like ring that may arise from π 0 production and its subsequent decay to two photons by assuming a two e-like ring topology. A combination of information from the invariant mass returned from the fit and the ratio of likelihoods of this fit to that obtained from the single, e-like ring hypothesis affords additional rejection of this background process. Finally the reconstructed neutrino energy, E QE ν , assuming the CCQE process is required to be less than 1250 MeV. A corresponding selection of events with a single, µ-like ring and 0 or 1 decay electrons identifies ν µ CCQE interactions.
The expected event yields of identified ν e /ν e candidates in neutrino-and antineutrino-mode running are shown in Table 1 , where the assumed oscillation parameters are summarized in the caption. Due to the excellent e/µ particle identification capabilities of the WC detectors, the background from ν µ charged current (CC) interactions is reduced to negligible levels. Neutral current π 0 production, a potentially dangerous source of e-like rings arising from the photons in the π 0 → γ + γ decay, is reduced by nearly a factor of fifty Table 2 : Expected percent systematic uncertainty on the overall number of events at HK from the systematic uncertainties described in the text.
with high efficiency for the ν e /ν e signal. As a result, the fraction of backgrounds arising from misidentified ν µ or neutral current interactions is a small fraction (5% or 8% in neutrino-and antineutrino-mode, respectively) of the total background, leaving the intrinsically irreducible "beam" ν e interactions arising from ν e /ν e produced from muon and kaon decay in the neutrino beam line as the dominant background.
Analysis
Figure 2 and 3 show the expected E QE ν distributions of the selected ν e /ν e and ν µ /ν µ candidates, respectively, with the contributions from signal and background components shown separately. Since the cross section for neutrino interactions is significantly higher than those of antineutrinos, the fraction of "wrong-sign" events arising from the neutrinos present in the antineutrino mode beam and antineutrinos present in the neutrino mode beam, is significantly larger in antineutrino mode. In order to evaluate the sensitivity and precision of the experiment to neutrino oscillation parameters, the E QE ν distributions in the four samples (ν e /ν e and ν µ /ν µ in neutrino/anti-neutrino mode) are simultaneously fit using a binned maximum likelihood that compares the expected mean number of each event to the "observed" number of events accounting for statistical and systematic uncertainties.
Systematic uncertainties arise from neutrino flux (Φ ν ), interaction (σ), and detector systematics. The near detector, where neutrino interactions are observed in the absence of oscillation effects, allows the neutrino flux and interaction uncertainties on the predicted rate at the far detector to be constrained. In this study, we use systematic uncertainties achieved in T2K with a few assumptions on how they may be improved. In particular:
• We assume that the T2K replica target data taken at NA61/SHINE [23] can reduce uncertainties due to hadron production and interactions in the target to negligible levels, leaving uncertainties in interactions outside of the target, as well as those arising from the primary proton properties, the magnetic field generated by the focussing horns, and the alignment of the beam line and its components, as the primary sources of uncertainty.
• The current near detector analysis at T2K using the ND280 off-axis detector allows some neutrino interaction systematics to be constrained along with the neutrino flux prediction; these are limited by detector systematics. While further improvements are expected in the future, we conservatively assume that these uncertainties remain at the level currently achieved by T2K. There are other classes of cross sections, such as those related to the extrapolation of the interactions properties measured on plastic (near detector) to water (far detector), that are not constrained by the current analysis. With T2K near detector measurements on water anticipated in the near future, we assume that this particular class of uncertainty can be reduced to negligible levels. Additional uncertainty (6% in normalization) is applied to antineutrino interactions due to the sparseness of experimental data in this energy range at this time.
• The systematic uncertainties in the far detector reconstruction at T2K are estimated using atmospheric neutrino interactions. The analysis is currently statistically limited, and we assume that the much larger sample of such interactions observed at HK can reduce this uncertainty. Another class of uncertainties arising from energy scale and final state and secondary interactions that are separately evaluated are not reduced.
The resulting fractional uncertainty in the overall sig- Background is categorized by the flavor before oscillation. Then, to select ⌫ e /⌫ e candidate events, following criteria are applied; the reconstructed ring is identified as electron-like (e-like), E vis is greater than 100 MeV, there is no decay electron associated to the event, and E rec ⌫ is less than 1.25 GeV. Finally, in order to reduce the background from mis-reconstructed ⇡ 0 events, additional criteria using a reconstruction algorithm recently developed for T2K (fiTQun, see Sec. II F) is applied. With a selection based on the reconstructed ⇡ 0 mass and the ratio of the best-fit likelihoods of the ⇡ 0 and electron fits as used in T2K [11] , the remaining ⇡ 0 background is reduced to about 30% compared to the previous study [1] . Figure 27 shows the reconstructed neutrino energy distributions of ⌫ e events after all the selections. The expected number of ⌫ e candidate events is shown in Table XIX for each signal and background component. In the neutrino mode, the dominant background component is intrinsic ⌫ e contamination in the beam. The mis-identified neutral current ⇡ 0 production events, which was one of dominant background components in the previous study, are suppressed thanks to the improved ⇡ 0 rejection. In the anti-neutrino mode, in addition to ⌫ e and ⌫ µ , ⌫ e and ⌫ µ components have non-negligible contributions due to larger fluxes and cross-sections compared to their counterparts in the neutrino mode. For the ⌫ µ /⌫ µ candidate events, following criteria are applied; the reconstructed ring is identified as muon-like (µ-like), the reconstructed muon momentum is greater than 200 MeV/c, and the number of decay electron associated to the event is 0 or 1. Figure 28 shows the reconstructed neutrino energy distributions of the selected ⌫ µ /⌫ µ events. Table XX shows the number of ⌫ µ candidate events for each signal and background component.
For the neutrino mode, most of events are due to ⌫ µ , while in the anti-neutrino mode, contribution from wrong-sign ⌫ µ component is significant.
The reconstructed neutrino energy distributions of ⌫ e events for several values of CP are shown in the top plots of Fig. 29 . The e↵ect of CP is clearly seen using the reconstructed neutrino energy.
The bottom plots show the di↵erence of reconstructed energy spectrum from CP = 0 for the cases = 90 , 90 and 180 . The error bars correspond to the statistical uncertainty. By using not only the total number of events but also the reconstructed energy distribution, the sensitivity to CP can be improved, and one can discriminate all the values of CP , including the di↵erence between CP = 0 and ⇡. Figure 30 shows the reconstructed neutrino energy distributions of ⌫ µ sample for several values of CP . As expected, di↵erence is very small for ⌫ µ events. reactor experiments, the octant degeneracy is resolved and ✓ 23 can be precisely measured. nal and background rates following selection are shown in Table 2 as a convenient metric for the scale of uncertainty; in the sensitivity analysis, uncertainties are evaluated as a function of E QE ν and incorporate the covariance between the predicted event rates in different energy bins arising from the correlative effects of the underlying uncertainties. New near detector concepts incorporating an intermediate (O(1 km) from the target) water Cherenkov detector are also being developed that can reduce the uncertainties further [24, 25] . reactor experiments, the octant degeneracy is resolved and ✓ 23 can be precisely measured. 
Sensitivity and Precision
Based on the analysis and assumptions described in the previous section, the sensitivity of HK to CPviolation in neutrino oscillation is evaluated. The analysis assumes that the mass hierarchy is resolved by current and upcoming accelerator-based experiments (T2K, NOvA [26] , LBNO [27] , LBNE [28] ), reactor-based experiments (JUNO [29] , RENO-50 [30] ), and atmospheric neutrinos (Super-Kamiokande [31] , PINGU [32] ). Figure 4 shows the fraction of values of the parameter δ for which CP violation can be ob- served with at least 3 and 5 σ significance as a function of integrated beam power. With the nominal exposure (7.5 × 10 22 protons-on-target), 3 σ or greater significance can be expected for 76% of δ values. Figure 5 shows the expected precision on δ in the two extreme cases of δ = 0
• and δ = 90
• . A precision of 19
• or better can be obtained for all values of δ. Figure 6 illustrates the precision with which sin 2 θ 23 can be measured, assuming sin 2 θ 23 = 0.50 (maximal mixing) and ∆m Since the ν µ disappearance probability depends on θ 13 , the precision of the measurement is improved by including a constraint on sin 2 2θ 13 from reactor experiments. The expected precision on the disappearance parameters ∆m 2 32 and sin 2 θ 23 depend on the true parameters and is summarized in Table 3 for sin 2 θ 23 values representative of the currently favored range [8, 33] . Precision on sin 2 θ 23 of ∼ 3% or better is possible depending on the true value. the sensitivity can be enhanced. In this example study, the 2 is si In the event that the mass hierarchy is not resolved by other experiments by the time HK is operational, HK maintains a powerful capability to resolve the mass hierarchy itself using the atmospheric neutrino sample as shown in Figure 7 . The sensitivity depends strongly on the true value of sin 2 θ 23 , but for currently favored values (sin 2 θ 23 = 0.514 ± 0.055) [8] , the wrong hierarchy can be rejected with at least 3 σ significance for all values of δ.
The power of the combination of HK beam and atmospheric data is further demonstrated in Figure 8 . For true δ = 0, the left plot shows that the beam data has a sharp minimum in ∆χ 2 at the true value, but cannot reject a fake solution at δ ∼ 150
• . With the atmospheric data, the combined analysis is able to strongly disfavor the fake solution as shown on the right.
Conclusions
Over the last thirty or so years, large water Cherenkov detectors have played a decisive role in uncovering many of fundamental properties of the neutrino. Nature has been kind in providing discovery opportunities well-suited to this technology, and now presents HyperKamiokande, a next generation megaton-class water Cherenkov detector, with the opportunity to discover CP-violation in neutrino oscillations and to make unprecedentedly precise measurements of the oscillation and atmospheric neutrino measurements assuming that the mass hierarchy is unknown. The true mass hierarchy is normal hierarchy and the true value of CP = 0. Right: By combining the two measurements, the sensitivity can be enhanced. In this example study, the 2 is simply added. parameters towards understanding the nature of mixing.
Hyper-Kamiokande will also extend sensitivity to proton decay, a definitive herald of new physics, by an order of magnitude and serve as an exquisitely sensitive observatory for neutrinos from astrophysical sources.
